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ABSTRACT

A FORTRAN IV computer program was written that gives the blade-to-blade solu-
tion of the two-dimensional, subsonic, compressible (or incompressible), nonviscous
flow problem for a circular or straight infinite cascade of tandem or slotted turboma-
chine blades. The blades may be fixed or rotating. The flow may be axial, radial, or
mixed. The results include streamline coordinates, velocity magnitude and direction
throughout the passage, and the blade-surface velocities. The method is based on the
stream function using an iterative solution of nonlinear finite-difference equations.
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FORTRAN PROGRAM FOR CALCULATING VELOCITIES AND STREAMLINES
ON A BLADE-TO-BLADE STREAM SURFACE OF A
TANDEM BLADE TURBOMACHINE
by Theodore Katsanis and William D. McNally

Lewis Research Center

SUMMARY

A FORTRAN IV computer program was written that gives the blade-to-blade solution
of the two-dimensional, subsonic, compressible (or incompressible), nonviscous flow
problem for a circular or straight infinite cascade of tandem or slotted turbomachine
blades. The blades may be fixed or rotating. The flow may be axial, radial, or mixed,
and there may be a change in stream-channel thickness in the through-flow direction.

The program input consists of blade and stream-channel geometry, total flow condi-
tions, inlet and outlet flow angles, blade-to-blade stream-channel weight flow, and the
portion of this weight flow that passes between the front and rear tandem blades (through
the slot). The output includes blade-surface velocities, velocity magnitude and direction
at all interior mesh points in the blade-to-blade passage, and streamline coordinates
throughout the passage.

The method is based on the stream function. The simultaneous, nonlinear, finite-
difference equations of the stream function are solved by using two major levels of iter-
ation. The inner iteration consists of the solution of simultaneous linear equations by
successive overrelaxation, using an estimated optimum overrelaxation factor. The outer
iteration then changes the coefficients of the simultaneous equations to correct for com-
pressibility.

This report includes the FORTRAN IV computer program with an explanation of the
equations involved, the method of solution, and the calculation of velocities. Numerical
examples are included to illustrate the use of the program, and to show the results which
are obtained.



INTRODUCTION

An effort is being made to design compressors and turbines with smaller diameters,
fewer stages, and fewer blades per stage. All these factors tend to increase diffusion.
Therefore, it is desired to design blades with high diffusion, and at the same time to
avoid flow separation. Several ideas for aerodynamic design to permit high diffusion
without separation are being investigated, both theoretically and experimentally. Two
promising concepts are the tandem blade and the slotted blade.

In the design of tandem or slotted blade rows for compressors or turbines, an analy-
sis is desirable which will give velocity distributions from blade to blade, and particu-
larly over the blade surfaces. Stanitz (refs. 1 and 2) has shown that finite-difference so-
lutions of the stream-function differential equation can be used to obtain these resulis.
Computer programs have been written which generate coefficients for the difference equa-
tions, solve the equations, and differentiate the resulting values of stream function to ob-
tain velocities throughout the blade-to-blade passage and on the blade surfaces. This has
been done previously by the first author (ref. 3) for a turbomachine with a single blade
row without slots.

This report extends the analysis of reference 3 to tandem or slotted blades. A com-
puter program has been written to obtain the numerical solution for ideal, subsonic, com-
pressible (or incompressible) flow for an axial-, radial-, or mixed-flow circular cascade
of turbomachine blades. The program may also be used for a straight infinite cascade.
The blades may be overlapping or nonoverlapping in the meridional flow direction and may
be fixed or rotating. The program may also be used to analyze a turbomachine with one
set of splitter blades (see section Mixed-Flow Impeller, p. 12). The coordinates used
are meridional streamline distance and angular coordinate in radians.

This report includes the FORTRAN IV computer program (called TANDEM) that was
developed, with an explanation of the equations involved and the method of solution. A
tandem axial gas-turbine rotor cascade and a mixed-flow impeller are analyzed to illus-
trate the use of the program. The results obtained for the axial turbine are compared
with experimental data. The impeller results are compared with previous analytical re-
sults. The report is organized so that the engineer desiring to use the program needs to
read only the sections MATHEMATICAL ANALYSIS, NUMERICAL EXAMPLES, and
DESCRIPTION OF INPUT AND OUTPUT. Information of interest to a programmer is
contained in the sections DESCRIPTION OF INPUT AND QUTPUT and PROGRAM PRO-
CEDURE and in the appendixes.

A TANDEM source deck on tape is available from COSMIC (Computer Software
Management and Information Center), Computer Center, University of Georgia,

Athens, Georgia 30601. The program number can be obtained from the authors.



SYMBOLS

A coefficient matrix, eq. (AT)
2y typical element of matrix A
a,,a a
ao’ al’ afl’ 3,} coefficients in eq. (A2)
412234
b stream-channel thickness normal to meridional streamline, meters
D19,P34 quantities in eq. (A2)
s specific heat at constant pressure, joule/(kg)(°K)
h spacing between adjacent points, eqs. (A1) to (A4); see fig. 17
Ky
k constant vector, . , eq. (A7)
m meridional streamline distance, see figs. 2 and 3
n number of unknown mesh points
gas constant, joule/(kg)(°K)
r radius from axis of rotation to meridional stream-channel mean line,
meters
s angular blade spacing or pitch, rad
T temperature, °K
u stream function
by
u discrete approximation to stream function at n mesh points,
m
uy Un
_1._1m mt‘h iterate of u



v absolute fluid velocity, meters/sec

w fluid velocity relative to blade, meters/sec

w mass flow per blade flowing through stream channel, kg/sec
z axial coordinate, meters

o angle between meridional streamline and axis of rotation, rad; see fig. 1
B angle between relative velocity vector and meridional plane, rad; see fig. 1 .
v specific-heat ratio

N outer normal to region

6 relative angular coordinate, rad; see fig 1

A prerotation (rVe)m, metersz/sec

p density, kg/meteras3

Q overrelaxation factor, eq. (A8)

w rotational speed, rad/sec; see fig. 1

Subscripts:

cr critical velocity

i dummy variable

in inlet or upstream

i dummy variable

le leading edge

m component in direction of meridional streamline

out outlet or downstream

te trailing edge

6 tangential component

0,1,2,3,4 quantities at these locations infinite-difference expression, eqs. (Al) to
(A6); see fig. 17

Superscripts:

T transpose of vector or matrix
1 absolute stagnation condition
re relative stagnation condition



MATHEMATICAL ANALYSIS

It is desired to determine the flow distribution through a stationary or rotating cas-
cade of tandem blades on a blade-to-blade surface. The following simplifying assump-
tions are used in deriving the equations and in obtaining a solution:

(1) The flow is steady relative to the blade.

(2) The fluid is a perfect gas or is incompressible.

(3) The fluid is nonviscous.

(4) There is no loss of energy.

(5) The flow is absolutely irrotational.

(6) The blade-to-blade surface is a surface of revolution. (This does not exclude
straight infinite cascades.)

(7) The velocity component normal to the blade-to-blade surface is zero.

(8) The stagnation temperature is uniform across the inlet.

(9) The velocity magnitude and direction is uniform across both the upstream and
downstream boundaries.

(10) The relative velocity is subsonic everywhere.

w2 - W2, +

o &

Figure 1, - Cylindrical coordinate system and velocity components.
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The flow may be axial, radial,.or mixed, and there may be a variation in the stream-
channel thickness b in the through-flow direction. The proportion of flow between the
front and rear blades must be specified as an input to the program. This input may be
difficult for the user to estimate; however, correlation with experimental work may yield
more reliable values.

The coordinate system is shown in figure 1. Since the variables r and z are not
independent on a stream surface, one variable can be eliminated. Therefore, r and 6
or z and @ could be used as independent variables. However, for generality, it is
better to use the meridional streamline distance m in place of r and z as an indepen-
dent variable (see fig. 2). Then, m and # are the two basic independent variables. A
stream channel is therefore defined by specifying a meridional streamline radius r and
a stream-channel thickness b at several meridional locations m (see fig. 3).

For the mathematical formulation of the problem, the stream function is used. The
stream function u used herein is related to the stream function Y defined in refer-
ence 4 by u = -Y¥//w. With this substitution in equation 12(9) of reference 4 we obtained
the basic differential equation which must be satisfied by the stream function under the
given assumptions:

1 0%, 2% _11apou, [sina_ 1 abp)| ou _ 2bpw
22

F—_—- +
692 amz r2 p o906 96 r bp om | dm w

in o (1)

The stream function u has the value 0 on the upper surface of the leading blade and 1 on
the lower surface of the leading blade. Also, the derivatives of the stream function sat-
isfy the equations

W, @)
ou . bRr 3)

For the solution of equation (1), a finite region is considered (as indicated in fig. 4)
with the condition that the flow along corresponding upper and lower portions of the bound-
ary is the same. For example, the flow along AB is the same as along NM. Also, it is
assumed that AN is sufficiently far upstream so that the flow is uniform along this bound-
ary, and that the flow angle ‘Gin is known. Similarly, it is assumed that the flow is uni-
form along GH, and that the flow angle ‘Bout is known. For an actual blade row, Bout
may usually be determined by means of experimentally determined rules. Also, it is as-
sumed the flow split is known; that is, the percentage of flow which passes between the
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Ain face 2 Blade surface 4~
Blade surface 1
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i

{b) Nonoverlap case.

Figure 4, - Typical finite flow region.

front and rear blades. Specifying ﬁout and the flow split is mathematically equivalent
to specifying the locations of the stagnation points on the trailing edges of both blades.
Since equation (1) is elliptic for subsonic flow, boundary conditions for the entire
boundary ABCDEFGHIJKLMNA are required. Along BC, u = 0; along LM, u = 1; along
EF, u is equal to the negative of the fraction of weight flow through JKL; and along LJ,
u is equal to the fraction of weight flow crossing a line joining C and J. Along AB, CD,
FG, HI, KL, and MN, a periodic condition exists; that is, the value of u along MN, KL,
and HI is exactly 1.0 greater than it is along AB, CD, and FG. The same condition holds
along DE and JK in the nonoverlapping case (fig. 4(b)).
Along AN and GH, 2u/on is known, where 7 is in the direction of the outer normal.
From equations (2) and (3), since Wefwm = tan B,

= 2 tan 8

r of

g e



Along AN and GH,

du_u(N) -u(A) _1

a6 s s

where s is the angular blade spacing, so that

tan B
au) in along AN (4)
M)in  STin
tan 8
. (@) =_-__ "out along GH (5)
n out STout

These are the boundary conditions required to determine a solution to equation (1). The
method used for the numerical solution of equation (1) is described in appendix A. The
numerical solution involves two levels of iteration because equation (1) is nonlinear. The
inner iteration is required to solve equation (1) when it is linearized, and the nonlinear
solution is approached by the outer iteration.

After computing a numerical solution to equation (1) in a given flow region, the ve-
locity at any point can be computed from equations (2) and (3) by using numerical differ-
entiation. The streamlines are located by the contours of equal stream -function values.

NUMERICAL EXAMPLES

To illustrate the use of the program and the type of results which can be obtained,
two numerical examples are given. The first example is an axial-flow turbine and the
other is a mixed-flow impeller.

Axial-Flow Turbine Rotor Cascade

This example is a two-dimensional axial-flow turbine cascade currently undergoing
testing at Lewis Research Center. This blade is a modified version of a tandem blade
reported in reference 5. It has a blunt leading edge on the rear blade in order to achieve
a converging channel between the blades, and it has a wider slot than that reported in
reference 5.

The blade shape in m,§ coordinates and the blade-to-blade solution region are
shown in figure 5. Input for this example is given in table I. Blade-surface velocities
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Relative angular coordinate, 8, rad
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Figure 5, - Blade-to-blade flow region for tandem axial turbine rator,
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TABLE I. - INPUT FOR AXIAL-FLOW TURBINE ROTOR CASCADE

MODIFIED TANDEM AXIAL TURBINE ROTOR

GAM AR Tie RHOIP
1.4000000 287.05300 288.15000 1.2250000

BETAI BETAD CHORDF STGRF
48.000000 -47.000000 0.284T7T000E-01 0.2133300E-01

MBI MBD MBI2 MBDZ MM NBBI NBL NRSP
10 32 29 49 58 20 76 2

RLADE SURFACE 1 == UPPER SURFACE - FRONT BLADE

RIL 01 BETI1 BETO1L

0.7620000E~03 0.3810000E-03 50.000000 -29.400000
MS5P1  ARRAY

-0 0,2570000E-02 0.7650000E-02 0.1527000E-01
THSP1 ARRAY

-0 0.9250000E-02 0.2118000E-01 0.2988000E-01

BLADE SURFACE 2 -- LODWER SURFACE - FRONT BLADE

RI2 RO2 BETI2 BETOD2

0.7620000E-03 0.3810000E-03 25.000000 -6.9000000
MSP2 ARRAY

-0 0.7650000E-02 0.2035000E-01 0.2543000E-01
THSP2 ARRAY

-0 0.7140000E-02 0.2039000E-01 0.2094000E-01

BLADE SURFACE 3 -- UPPER SURFACE - REAR BLADE

RI3 R03 BETI3 BETO3
0.1778000E-02 " 0.3810000E-03 -8.1000000 -48.800000
MSP3  ARRAY
0 0.6100000E-02 0.1626000E-01 0
THSP3 ARRAY
0 0.1640000E-02 -0.2463000E-01 0

BLADE SURFACE 4 -~ LOWER SURFACE - REAR BLADE

RI&4 RD& BETI4 BETO4
0.1778000E-02 0.3810000E-03 -19.700000 -42.500000
MSP4  ARRAY
0 0.6100000E-02 0.1372000E-01 0
THSP&4 ARRAY
o -0.1200000E-01 -0.2745000E-01 0
MR ARRAY
=1.0000000 1.0000000
RMSP ARRAY
0.3238500 0.3238500
BESP ARRAY

0.1000000E~01 0.1000000E~01

BLDAT AANDK ERSDR STRFN SLCRD [INTVL SURVL
1 1 2 2 2 2 3

WTFL
0.3152000€-01

CHORDR
0.25L5000E-01

SPLND1
7.0000000

0.2035000E-01

0.3020000E-01

SPLNO2
5.0000000

-0

-0

SPLNO3
4.0000000

SPLNO4
4.0000000

WTFLSP
0.1134700E-01
STGRR
-0.5459000E-01

0.2543000E-01

0.2643000E-01

OMEGA
-0
MLER
0.2441000E-01

ORF
0
THLER
~0.3607000E-02



O Experimental data

lL2— [ ] Supersonic velocity
predicted by program
— Calculated by program
Lor®

oo

/'-Blade surface 1

Ratio of focal refative velocity to local critical relative velocity, WiW,,

, | I I
0 9! .2 3 .4 5h .6 iy .8 .9 1.0
Ratio of meridional distance to total meridional distance

Figure 6. - Surface velocities on tandem axial turbine blade.

are plotted in figure 6, where comparison is made with unreported experimental data for
the Lewis turbine cascade. There is close agreement between computed and experimental
values on all four blade surfaces.

Execution time was 10 minutes for this example, and it required 16 outer iterations
for final convergence to the compressible solution.

Mixed-Flow Impeller

This example is taken from reference 6. In reference 6 a similar stream-function
analysis was made. The mesh was set up graphically, and the coefficients were calcu-
lated by hand. The solution of the finite-difference equations was obtained by relaxation
on a computer. The analysis was done on a blade-to-blade surface of revolution midway
between hub and shroud.

The coordinates of the stream channel and the stream-channel radial thickness are
given by equations (1) and (2) of reference 7. The radial stream-channel thickness was
corrected to obtain the normal thickness required by this program. The hub-shroud pro-
file is shown in figure 7. The blade shape and mesh arrangement are shown in figure 8.
Input for this example is given in table II. In figure 9 the blade-surface velocities ob-
tained by the TANDEM program are compared with those obtained originally in refer-

12



Radius, r, cm
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Figure 7. - Hub-shroud profile of mixed-flow impeller showing meridional section of steam tube,
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Relative angular coordinate, 8, rad
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g 0 5 10 T

Meridional streamline distance, m, centimeters

Figure 8 - Blade-to-blade surface for mixed-flow impeller, showing grid used in program,



TABLE 0. - INPUT FOR MIXED-FLOW IMPELLER

MIXED FLJIW IMPELLER {NASA TN D=-1186)

GAM
1.5000000
BETAL
-84.880000
MBI MBO MBI2 MB
10 47 28 &
BLADE SURFACE
RIL
0.9140000E-03
MSPL  ARRAY
0
THSP1 ARRAY
. 0
DLADE SURFACE
R12
0.9140000E-03
MSP2  ARRAY
0
THSP2  ARRAY

BLADE SURFACE
RI3
0.1328000E-02
M5P3  ARRAY
0
TH5P3  ARRAY

0

RLADE SURFACE

; R14

i 0.132B0N0E-02

: MSP4  AR?AY
0

i THSP4

: 0

ARRAY

MR ARRAY
-0.3124000E-01
0.51150N0E-01
0.1272600
RMSP  AARAY
0.7586000E-01
D.9447000E-01
0.1360200
RESP  ARRAY
0.1053300E-01
0.3235000E-02
0.8250000E-03

BLDAT  AANDK
1 1

1< |

AR Tie RHOIP
100040000 1000000.0 1.0000000
BETAD CHORDF STGRF
-43.,000000 0.1055500 -2.6290000
02 MM NB3I  NBL NRSP
7 ST 28 8 18
Il == UPPER SURFACE - FRONT BLADE
ROL RETI1 BETO1
0.1846000E-02 -80.0000n0 =49,000000

0.1214000E-01

-0.6250000

7 -
RO2

0.1846000E-02

0.TBBO0D0E=-02

0.2651000E~01

=1.2330000

RETI2

~83.000000

0.2004000E-01

0.4766000E-01

-1.8182000

LOWER SURFACE =~ FRONT BLADE

BETO2
-41.500000

0.4006000E-01

-0.6310000 ~-l.2310000 -1.8206000
3 -- UPPER SURFACE - REAR BLADE
RO3 BETI3 BETO3
041753000€-02 =-60.5000N0 -51.500000

0.130T000E-O1

0.2552000E-01

0.41T72000E-01

-0.1&670000 =0.3370000 -0.5262000
4 == LJIWER SURFACE - REAR RLADE
204 BETI4 BETD4
0.1753000E-02 ~-63.000000 -40.500000

0.1073000E~01

=-0.20L0000

=0.1514000E-01
0.5964000E~01
041407300

0. 7662000E-01
0.9820000E~01
0.1448700

D.1004500E-01
0.2728000E-02
0.7240000E-03

ERSOR  STRFN
2 2

SLC
2

0.2493000e-01

0.4070000

0.2500000E-03
0.6828000E-01

0.78740N0E-01
0.1022800

0.8724000£-D2
0.22990N0E-02

INTVL
2

RO

3

0.4172000E-01

=-0.5813000

0.1065000E-01
0.7709000E-01

0.8091000E~01
0.106T7400

0.7420000E-02
0.19356000E-02

SURVL

WTFL
0.3042000E~02

CHORDR
0.5664000E-01

SPLNOL
6.0000000

0.7360000E-01

~2.2750000

SPLND2Z
6.0000000

0.6828000E-01

=2.2954000

SPLND3
6.,0000000

0.5280000E-01

=0.6269000

SPLND4
5.0000000

0

0

0.1853000E-01
0.860T000E~01

0.8294000E-01
0.1114600

0.6316000E-02
0.1629000E-02

WTFLSP
0J1351600E~-02
STGRR
-0.6649000

0.2651000E-01
0.9524000E-01

0.8531000E-01
0.1165600

0.5354000E-02
0.1370000€E~-02

OMEGA
796.00000

MLER
0.4891000E-01

0.3460000E~-01
0.1046100

0.8802000E-01
0.1220000

0.4532000E-02
0.1151000E-02

ORF
4]
THLER
-2.3434000

0.4281000E-01
0.1141700

0.9108000E-01
0.1277800

0.3831000E~02
0.9790000E-D3
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ence 6. There is good agreement over most of the blade. Minor discrepancies are prob-
ably due to slight differences in the boundary conditions (weight flow split and downstream
flow angle). The heights of the peaks near the leading edges are uncertain because the
radii are small compared to the mesh spacing.

Execution time was 2 minutes for this example. It required only one outer iteration,

since flow was incompressible.

DESCRIPTION OF INPUT AND OUTPUT

The computer program requires as input a geometrical description in m,6 coordi-
nates of the tandem blade segments, a description in m,r coordinates of the stream
channel through the blades, appropriate gas constants, and operating conditions such as
inlet temperature and density, inlet and outlet flow angles, weight flow, and rotational
speed. An estimate of the portion of the weight flow which passes between the tandem
blades must also be given. Output obtained from the program includes velocity magnitude
and direction at all interior mesh points in the blade-to-blade passage, blade-surface
velocities, stream-function values throughout the blade-to-blade region of solution, and

streamline locations.

Input

Figure 10 shows the input variables as they are punched on the data cards. The
first input data card is for a title, which will serve for problem identification. The
remaining cards are for input variables. There are two types of variables, geometric
and nongeometric. The geometric input variables are shown in figures 11 to 13. Fur-
ther explanation of the input variables is given in the section Instructions for Prepar-
ing Input.

The input variables are as follows:

GAM specific-heat ratio, y

AR gas constant, joule/(kg)(°K)

TIP inlet total temperature, Tj , °k

RHOIP inlet total density, p} , l{g/meter3

WTFL mass flow per blade for stream channel, kg/sec

WTFLSP portion of stream-channel mass flow per blade which flows across
the boundary JKL between the front and rear blades, kg/sec; see
fig. 11
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Figure 12. - Geometric input variables on blade. Angles BETI1, 2, 3, 4 and BETO], 2, 3, 4
must be given as true angle B, not as angles measured in m, 8 plane. Either use
tan B = r d8/dm to obtain B, or measure the true angle.
Outlet of
[~ Leading edge of l,—Traliling edge of rfr region
! front blade Leading edge of ’p front blade Trailing edge of }; m
/ rear blade 7 ! rear blade~, /
<Inlet of region / . i i % /
| rMean streamline ! ]
B o/ .'
. |/ BESP A\
o~ I’ o) = 7 | : |‘-
o /A S— T ; / i
o / { ! f -G and H
/ f —t7 /
/ / / !;" s Lf and I
,/ K E and }-’ “C and L
<A and N <B and M
e = . =

Figure 13, - Geometric input variables describing stream-channel in meridional plane.
rotational speed, w, rad/sec (Note that w is negative if rotation is

OMEGA
in the opposite direction of that shown in fig. 1.)
value of overrelaxation factor € to be used in equation (A8) (If
ORF = 0, the program calculates an estimated value for the over-

ORF
relaxation factor; see p. 25 and appendix A for discussion.)
BETAI inlet flow angle Bje 2long BM with respect to m-direction, deg; see
fig. 11
BETAO outlet flow angle ‘Bt e along FI with respect to m-direction, deg; see
fig. 11

CHORDF overall length of front blade in m-direction, meters; see fig. 11
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STGRF

CHORDR
STGRR

MLER

THLER

MBI
MBO
MBI2
MBO2
MM

NBBI

NBL
NRSP

RIL, RI2,
RI3, RI4

RO1, RO2,
RO3, RO4

BETIL, BETI2,
BETI3, BETI4

BETO1, BETO2,
BETO3, BETO4
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angular @-coordinate for center of trailing-edge circle of front blade
with respect to center of leading-edge circle of front blade, rad;
see fig. 11

overall length of rear blade in m-direction, meters; see fig. 11

angular @-coordinate for center of trailing-edge circle of rear blade
with respect to center of leading-edge circle of rear blade, rad;
see fig. 11

m-coordinate of leading edge of rear blade with respect to leading
edge of front blade, meters; see fig. 11

angular 6-coordinate of leading edge of rear blade with respect to
leading edge of front blade, rad; see fig. 11

number of vertical mesh lines from AN to BM inclusive; see fig. 11
number of vertical mesh lines from AN to CL inclusive; see fig. 11
number of vertical mesh lines from AN to EJ inclusive; see fig. 11
number of vertical mesh lines from AN to FI inclusive; see fig. 11

total number of vertical mesh lines in m-direction from AN to GH,
maximum of 100; see fig. 11

number of mesh spaces in §-direction between AB and MN, maxi-
mum of 50; see fig. 11

number of blades

number of spline points for stream-channel radius (RMSP) and thick-

ness (BESP) coordinates, maximum of 50; see fig. 13

leading-edge radii of the four blade surfaces, meters; see fig. 12
trailing-edge radii of the four blade surfaces, meters; see fig. 12

angles (with respect to m-direction) at tangent points of leading-edge
radii with the four blade surfaces, deg; see fig. 12 (These must
be true angles in degrees. If angles (i.e., df/dm) are measured
in the m,# plane, BETII1, 2, 3, 4 can be obtained from the relation
tan 8 = r df/dm.)

angles (with respect to m-direction) at tangent points of trailing-edge
radii with the four blade surfaces, deg; see fig. 12 (These must
also be true angles in degrees, like BETIL, 2, 3, 4.)



SPLNO1, SPLNO2, number of blade spline points given for each surface as input, maxi-
SPLNO3, SPLNO4 mum of 50 (These include the first and last points (dummies) that
are tangent to the leading- and trailing-edge radii (fig. 12).)

MSP1, MSP2, arrays of m-coordinates of spline points on the four blade surfaces,
MSP3, MSP4 measured from blade leading edges, meters; see fig. 12 (The
first and last points in each of these arrays can be blank or have a
dummy value, since these points are calculated by the program.
If blanks are used, and the last point is on a new card, a blank
card must be used.)

THSP1, THSP2, arrays of @-coordinates of spline points corresponding to MSP1,
THSP3, THSP4 MSP2, etc., rad; see fig. 12 (Dummy values are also used in
positions corresponding to those in MSP1, MSP2, etc.)

MR array of m-coordinates of spline points for stream-channel radii
and stream-channel thicknesses, meters; see fig. 13 (MR is
measured from leading edge of front blade. These coordinates
should cover the entire distance from AN to GH and may extend
beyond these bounds. The total number of points is NRSP.)

RMSP array of r-coordinates of spline points for stream-channel mean
streamline, corresponding to the MR array, meters; see fig. 13

BESP array of stream-channel normal thicknesses corresponding to the
MR and RMSP arrays, meters; see fig. 13

The remaining variables, starting with BLDAT, are used to indicate what output is
desired. A value of 0 for any of these variables will cause the output associated with that
variable to be omitted. A value of 1 will cause the corresponding output to be printed for
the final outer iteration only; a value of 2, for the first and final iterations; and a value
of 3, for all outer iterations. Care should be used not to call for more output than is
really useful. The following list gives the output associated with each of these variables:

BLDAT all geometrical information which does not change from iteration to iteration;
i.e., coordinates and first and second derivatives of all blade-surface
spline points; blade coordinates and blade slopes where vertical mesh lines
meet each blade surface; radii and stream-channel thicknesses corresponding
to each vertical mesh line; m-coordinate, stream-channel radius and thick-
ness, blade-surface angles and slopes where horizontal mesh lines intersect
each blade; and ITV and IV arrays (internal variables describing the location
of the blade surfaces with respect to the finite-difference grid)
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AANDK coefficient array A, vector Kk, and indexes of all adjacent points for each
point in the finite-difference mesh (This information is needed only for de-

bugging the program. )
ERSOR maximum change in stream function at any point for each iteration of SOR
equation (eq. (A8))
STRFN  value of stream function at each unknown mesh point in region
SLCRD  streamline 6-coordinates at each vertical mesh line, and streamline plot
INTVL  velocity and flow angle at each interior mesh point

SURVL m-coordinate, surface velocity, flow angle, distance along surface, and
w/W - based on meridional velocity components where each vertical mesh
line meets each blade surface; m-coordinate, surface velocity, flow angle,
distance along surface, and W /W - based on tangential velocity components
where each horizontal mesh line meets each blade surface; plot of blade-
surface velocities against meridional streamline distance, m (It is suggested
that SURVL = 3 be used. This will give surface velocities after each outer
iteration, so that satisfactory velocities may be obtained even when final con-

vergence is not reached.)

Instructions for Preparing Input

Units of measurement. - The International System of Units (ref. 8) is used through-
out this report. HOWEV(;I_‘, the program does not use any constants which depend on the
system of units being used. Therefore, any consistent set of units may be used in pre-
paring input for the program. For example, if force, length, temperature, and time are
chosen independently, mass units are obtained from force equals mass times accelera-
tion. The gas constant R must then have the units of force times length divided by mass
times temperature (energy per unit mass per deg). Density is mass per unit volume, and
weight flow is mass per unit time. Output then gives velocity in the chosen units of length
per unit time. Since any consistent set of units can be employed, the output is not labeled
with any units.

Blade and stream-channel geometry. - The upper and lower surfaces of the front and
rear tandem blades are each defined by specifying three things: leading- and trailing-edge
radii, angles at which these radii are tangent to the blade surfaces, and m- and 6-
coordinates of several points along each surface. These angles and coordinates are used
to define a cubic spline curve fit (ref. 9) to the surface. The standard sign convention is
used for angles, as indicated in figure 12.
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A cubic spline curve is a piecewise cubic polynomial which expresses mathematically
the shape taken by an idealized. spline passing through the given points. Reference 9 de-
scribes a method for determining the equation of the spline curve. When this method is
used, few points are required to specify most blade shapes accurately, usually no more
than five or six, in addition to the two end points. As a guide, enough points should be
specified so that a physical spline passing through these points would accurately follow
the blade shape. This means that the spline points should be closer where there is large
curvature and farther apart where there is small curvature.

The coordinates for either surface of a particular blade segment are given with re-
spect to the leading edge of that segment, the leading edge being defined as the furthest
point upstream on the blade segment.

The mean stream surface of revolution (as seen in the meridional plane, fig. 13) and
the stream-channel thickness are also fitted with cubic spline curves. The m-coordinates
for the mean stream surface are independent of the m-coordinates for blade surfaces.

Inlet and outlet flow angles. - The values of Ble and B, are given as average val-
ues on BM and FI, respectively. If the flow is axial, these flow angles are the same as
the flow angles at AN and GH. If flow is radial or mixed, and these angles are not known
on BM and FI, §;, and B;, must be calculated by equation (B14).

Defining mesh. - A finite-difference mesh is used for the solution of equation (1). A
typical mesh pattern (that used in example 1) is shown in figure 14. The mesh spacing
and the extent of the upstream and downstream regions are determined by the values of
MBI, MBO, MBI2, MBO2, and MM of the input (fig. 10). The mesh spacing must be cho-
sen so that there are not more than 2000 unknown mesh points.

Values of MBI, MBO2, etc., should be determined so that the mesh which results has
blocks which are approximately square. To achieve this, a value for NBBI is first chosen
arbitrarily (15 to 20 is typical). NBBI is the number of mesh spaces spanning the blade
pitch s, where s = 27/NBL. Dividing s by NBBI gives the mesh spacing HT in the 6-
direction in radians. Multiplying HT by an average radius (RMSP) of the stream channel
gives an average value for the actual mesh spacing in the §-direction. CHORDF,
CHORDR, and MLER should then be used with this tangential mesh spacing to calculate
the approximate number of mesh spaces in the various regions along the meridional axis.
This will give MBO, MBI2, and MBO2, once MBI is chosen. Generally, MBI is given a
value of 10; MM, likewise, is usually given a value 10 more than MBO2.

Overrelaxation factor. - ORF is the relaxation factor used in each inner iteration in
the solution of the simultaneous finite-difference equations (A7). ORF may be set equal
to 0, or to some value between 1 and 2. ORF is usually given as 0 for the initial run of a
given blade geometry and mesh spacing (MBI, NBBI, etc.). In this case the program
uses extra time and calculates an optimum value for ORF. It does this by means of an
iterative process, and on each iteration the current estimate of the optimum value for

25



92

1053
1052

;jwe EYIT ¥ ETS
!

=
21
41,
61,
B‘I

R
=

974
994

1014
1034

Figure 14, - Mesh used for axial-flow-turbine numerical example, Numbers are mesh point indexes {IP in program). There are 1053 unknown mesh points.

1051
1050



ORF is printed. The final estimate is the one used by the program for ORF. I the user
does not change the mesh indexes MBI, MBO, MBI2, MBO2, MM, and NBBI between runs,
even though blade geometry or other input does change, he may use this final estimate of
ORF in the input, saving the time used in its computation. In all cases, if ORF is not 0,
it should have a value greater than 1 and less than 2.

Actually, the value of ORF is not as critical as the user might think. It gets more
critical as the optimum value gets close to 2. For any run of a given set of data, only
small changes will occur in the rate of convergence in SOR as long as the difference
2.0 - ORF is within 10 percent of its optimum value. A further theoretical discussion
of the overrelaxation factor is presented in reference 11 (p. 78).

Format for input data. - All the numbers on the card beginning with MBI and on the
card beginning with BLDAT are integers (no decimal point) in a five-column field (see
fig. 10). These must all be right adjusted. The input variables on all other data cards
are real numbers (punch decimal point) in a ten-column field.

Incompressible flow. - While the program is written for compressible flow, it can
be easily used for incompressible flow. To do so, specify GAM = 1.5, AR = 1000, and
TIP = 1(}6 as input. This results in a single outer iteration of the program to obtain the
stream-function solution.

Straight infinite cascade. - The program is as easily applied to straight infinite cas-
cades as to circular cascades. Since the radius and number of blades (NBL) for such a

cascade would actually be infinite, an artificial convention must be adopted. The user
should pick a value for NBL, for instance 20 or 30. Then, since the blade pitch equal to
sr is known, an artificial radius can be computed from

r s onu,
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This r should be used to compute the 6-coordinates required as input (THSP1, . . .,
THSP4, STGR1, STGR2, THLE2) by dividing coordinates in the tangential direction by
r.

Axial flow. - For a two-dimensional cascade with constant stream-channel thickness,
constant values should be given for the RMSP and BESP arrays. Only two points
are required for each of these arrays in this case. The two values of MR should be
chosen so that they are further upstream and downstream than the boundaries AN and GH.
The two values of RMSP and BESP should equal the constants r and b.

Output

Sample output is given in table III for the axial-flow turbine example. Since the com-
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plete output would be lengthy, only the first few lines of each section of output are repro-
duced herein. Most of the output is optional and is controlled by the final input card, as
already described. In many instances output labels are simply internal variable names
which are defined in the Main Dictionary.

Each section of the sample output in table III has been numbered to correspond to the
following description:

(1) The first output is a listing of the input data. All items are labeled as on the in-
put form (fig. 10).

(2) This is the output corresponding to BLDAT. (See the list of input variables
and the Main Dictionary for variable name definitions. )

(3) The relative free-stream velocity W, the relative critical velocity Wop and
the maximum value of the mass flow parameter pW (corresponding to W =W cr) are
given at the leading edge of the front blade (BM) and the trailing edge of the rear blade
(FI). The inlet (outlet) free-stream flow angle Bin (ﬁout) at boundary AN (GH) is given.
These angles are based on the input angles BETAI ‘ﬁle) and BETAO (ﬁt o)

(4) These are calculated program constants, including the pitch from blade to blade,
the mesh spacing in all solution regions, the minimum and maximum values of IT in the
solution region (ITMIN and ITMAX), and the value of the prerotation A (eq. (B8)).

(5) This is the number of mesh points in the entire solution region at which the
stream function is unknown.

(6) This is the boundary value (BV) of the stream function on each of the four blade
surfaces.

(7) This is the output corresponding to AANDK.

(8) If the program calculates an optimum overrelaxation factor Q (i.e., ORF =0 in
the input), the successive estimates to the optimum value of ORF are printed. The last
printed value of the estimated optimum ORF is the value of £ (ORF) used by the program.

(9) This is the output corresponding to ERSOR.

(10) This is the output corresponding to STRFN.

(11) This is the total execution time after obtaining the stream-function solution
for each outer iteration.

(12) This is the output corresponding to SLCRD.

(13) This is the output corresponding to INTVL.

(14) This gives the maximum relative change in the density p for each outer itera-
tion.

(15) This is the output corresponding to SURVL.

(16) This is the total execution time after all calculations are completed for an outer

iteration.
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BLADE SURFACE 2
Rl2
0.7620000E-03
MSPZ2  ARQAY
=0
TH5P2 ARRAY
-0

BLADE SURFACE 3
213

D.L778000E-D2
M5P3  ARRAY

THSP3  ARRAY

BLADE SURFACE ¢
RI4

0D.17780N0OE-DN2
M5P4 ARRAY

0.1000000E-01

BLDAT
1

6¢

( MIDIFIED TANDEM AXIAL TURBINE ROTOR
AR

0.9250000€E-02

0.3810000E-03
0.7650000E-02

0. T140000E-02

AANDK ERSJIR STRFN
L

TABLE M. - SAMPLE QUTPUT

GAM rip RHOIP WIFL
1.4000000 287.05300 288.15000 1.2250000 0.3152000E-01
BETAI BETATD CHORDF STGRF CHORDR
48.000000 -47.000000 0.2847T000E-0L 0.2133300E-01 0.2515000E-01
MBI MBO MBI2 MBOZ MM NBBI NBL NRSP
10 32 29 49 58 20 T 2
BLADE SURFACE I -- UPPER SURFACE - FRONT BLADE
RIL ROL BETIL BETOL SPLNOL
0.7620000E-03 0.3810000E-03 50.000000 ~-29.400000 7.0000000
MSPL1  ARIAY
- 0.2570000E-02 0.7650000E-02 0.1527000E-01 0.2035000E-01
THSP1 ARRAY

0.2118000£-01 0.2988000E-01 0.3020000E-01

== LJIWER SURFACE - FRONT BLADE
02 BETI2
25.000000

BETOZ2
=6.9000000

SPLND2
5.0000000
0.2035000E~-01 0.2543000E-01 -0

0.2039000E~-01 0.2094000E-01 -0

== UPPER SURFACE - REAR BLADE

<03 BETI3 BETOD3 SPLNO3
0.3810000E-03 -8.1000000 ~4B.800000 4.0000000
0.6100000E-02 0.1626000E-01 0
D.1640000E-02 -0.2463000E-01 0

== LJIWER SURFACE - REAR RLADE

RD4 BETI4 BETO4 SPLNO4
0.3810000E-03 ~19.700000 -42.500000 4.0000000

0 0.6100000E-02 0.1372000€-01 0
THSP4 ARRAY
=~0.1200000E~01 -0.2745000E-01 0
MR ARRAY
=-1.0000000 1.0000000
RMSP  ARRAY
0.3238500 0.3238500
BESP ARRAY

0.1000000E-01

SLCRD INTVL SURVL
2 2 3

WTFLSP
0.1134700E-01
STGRR
~0.5459000E~-01

0.2543000E-01L

0.2643000E-01

OMEGA
=0
MLER
0.244%1000E-01

-0

=0

ORF
0
THLER
-0.360T000E-D2



0¢

BLAD

M
0.17827F-03
0.257T00E-02
0.76500E-02
0.15270F-01
0.20350€E-01
0.25430F-01
0.28276E-01

L]
0.10840F-02
0.756500E-02

2 < 0.20350E-01
0.25430E-01
0.28043E-01

M
0.26439E-01
0.30510E-01
0.40670F~-01
0.49466F-01

L]
0.25589E-01
0-30510€-01
0.38130F-01
0.48922E-01

34 LEADING EOGE B-M

TRAILING EDGE F-1

CALCULATED PROGRAM CONSTANTS

PITCH
0.8267349E-01

4 ITMIN
-14

LAMBDA
38.762794

TABLE III. - Continued. SAMPLE OUTPUT

E DATA AT [INPUT SPLINE POINTS
BLADE SURFALE 1
THETA DERIVATIVE 2ND DERIV.
0.15124E-02 3.67996 -448.310
0.92500E-02 2.88161 -219.276
0.21180E-01 1.83901 ~191. 199
0.29880E-01 0-47565 ~166.638
0.30200E-01 -0.33906 ~154.115
0.256430E-01 =1.15680 -167.828
0.22358E-01 =1.73991 =241.946
BLADE SURFACE 2
THETA DERIVATIVE 2ND DERIV.
0.80541E-01 l.43989 =T.45650
0.83813E-01 l.38132 -10.3836
0.10306 0.43322 -138.924
0. 10361 -0.18877 -105.953
0.10284 -0.37367 =35.5599
BLADE SURFACE 3
THETA DERIVATIVE 2ND DERIV.
0.18284E-02 =0.43947 -206.721
~0.19670E~-02 -1.49683 =312.681
-0.28237E-01 =3.17480 =1T7T.6280
=0.57422E-01 -3.52722 -62.5065
BLADE SURFACE &
THETA DERIVATIVE 2ZND DERIV.
0.73898E-01 -1.10561 -116.003
0.67066E-01 =1l.66752 -112.352
0.51616E-01 -2.31958 -58.7926
0.23609E-01 =2.82949 -35.7093
FREESTREAM MAXIMUM VALUE CRITICAL
VELOCITY FOR RHO*W VELOCITY
161.064 241.239 310.645 BOUNDARY A-N
157.135 241.239 310.645 BOUNDARY G=~H
HY HM1 HM2 HM3
0.4133675€-02 0.12847T37E-02 0.1353333e-02 0.1240588E-02
1TMAX
25

BETA CORRECTED
TO BOUNDARY
48.0000

-47.0000



5 NUMBER OF INTERIOR MESH POINTS = 1053

SURFACE BOUNDARY VALUES
SURFACE BY
6 1 0.
2 1.00000
3 -0.35999
& 0.64001

r BLADE DATA AT [NTERSECTIONS OF VERTICAL MESH LINES WITH BLADES

Ll
1]

0.12847E-02
0.25695FE-02
0.38542E-02
0.51389E-02

BLADE SURFACE 1

™
0
0.53314E-02
0.92485E-D2
0.12772E-01
0.15945E-01

DTOMY
0.10000E 11
3.2425%
2.88173
2.60458
2.33654

M M R SAL
1 =-0.11563E-01 0.32385 -0
2< 2 -0.10278E-01 0.32385 -0
3 -0.89932E-02 0.32385 -0
4  -0.7708B4E-02 0.32385 -0
| s -p.sa237E-02 0.32385 -0
M IV ARRAY
BLADE
SURFACE
ND.
1 1
2 21
3 41
4 61
5 81

- 1€

(=R == Rl ]

BLADE SURFACE 2
DTOMY

TV

0.82673E-01
0.80830E-01
0.826T1E-01
0.84500E-01
0.86313E-01

STREAM SHEET CODRDINATES AND THICKNESS TABLE
B

-0.10000E 11
1.43838
1.42832
1.41752
1.40599

0.10000E-01
0.10000E-01
0.10000€E-01
0.10000E-01
0.10000E-01

1TV ARRAY

2

19
19
L9
19
19

3

0000
0000
0ooo
ocoo
0000

0000
0000
0000
0000
o000

-0
-0
-0
-0
-0

DB/DM




(44

TABLE IIl. - Continued. SAMPLE OUTPUT

(" M COORDINATFS JF INTFRSECTIONS OF HORIZONTAL MESH LINES WITH BLADE

MH ARRAY - BLADE SURFACE 1

MH RMH BEH BETAH OTDMH
o} 0.3238 0.1000€E-01 90.000 0.1000E 11
0D.9?225E-03 U.3238 0.1000E-01 47.526 3.3728
0.2233E-02 0.3238 0.1000E-01 43,797 2.9608
0.37L3E-02 0.3238 0.1000E-01 40.472 2.6347
N.5394E~02 0.3238 0.1000E-01 36494 2.2844

)

T
-1
-13
-12
-1l
L -0
" 1T ap
M= 1
0 1
1 2
2 3
3 4
4 5
5 6
6 7
7 b
8 7
9 10
o 1t
12
12 13
13 14
s 1
15 16
™4 16 a7
17 18
18 19
19 20
M= 2
0o 21
1 22
2 23
3 24
5 25
5 26
6 21
7 28
)
9 10
1o 31
11 32
L 12 33

THETA
~0.5787TLE-0OL
-0.53738E-01
-0.49604E-01
=0.454T0E-DL
-0.641337e-01

PL Ip2
I71 = [1]
20 2

1 3
2 &4
3 5
4 -]
5 7
& 8
7 9
a 10
9 11
10 12
11 13
12 14
13 1%
14 16
15 17
16 18
17 19
18 20
19 1
ITL = 0
40 22
21 23
22 24
23 25
24 26
25 27
26 28
27 29
28 ElY
29 31
30 iz
31 33
32 34

°
™

-
(== A R

——
R

-
=== B

—
[=TRY- - IE N R R WYL N

———
w R

1P4

21
22
23
24
25
26
27
28
29
30

32
i3
34
35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50
51
52
53

THETA COORDINATES DF ADRIZINTAL MESH LINES

AlLL)

U
0.
0.
Ua
0.
U.
0.
0.
Ua
0.
0.
0.
0.
V.
0.
0.
Q0.
0.
0.
U

0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.,23972
0.23972

ALZ2)

Q.
0.
0.
0.
0.
0.
0.
O
0.
0.
0.
0.
0.
0.
U.
0.
0.
0.
0.
O«

0.23972
0.23972
0.2%972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972

0.26028
0.26024
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028

Al4a)

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028

K

0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329

~0.23972
=0.
-0
=0.
-0
-0.
-0.
=0.
-0.
=0.
-0.
-0.
=0.



€e

ESTIMATED JPTIMUM DRF
ESTIMATED OPTIMUM ORF
8« ESTIMATED OPTIMUM ORF
ESTIMATED DPTIMUM ORF
ESTIMATED DPTIMUM ORF

ERROR =

ERRIR =

ERROR = 1.56B15425
=

g

ERRIR
ERRIR

M =
10d ™=
IM =

11 TIME

12<

1.8535%5929
1.B5807033

L.46978973
1.28075877

= 2.000000
= 1.999756
= 1.999655
= 1.993614
= 1.999614

STREAM FUNCTIDN VALUES

1 1Tl = 0
0.55114593 0.59970274% 0.64908738
1.06323957 1.11458504 L. 16528240
2 ITL = o
0.49785382 0.54641053 0.59579523
1.00994742 1.0612927T 1.11199026
3 1mL = 0
0at4394214 0.492355683 0.54170386
0.95714255 1.00R59727 1.059356310

= 2.6014% MIN.

M COORNENATE

-0.1156263E-01

-0.1027T7B9E-01

-0.8993158E-02

0.69933973
1.21525802

0.64604745
L.16196582

0.59201737
1.10935885

STREAMLINE COORDINATES

STREAM FN.

0.6000000
l.2000000
0.6000000
0. 6000000
1.2000000
0.6000000
0.6000000
L.2000000
0.6000000

THETA

0.41587B4E-02
0.524691TE-01
0.4158784E-02
0.8615924E-02
0.5692582E-01
0.8615924E-02
0.1305006E-01
0.6L40528E-01
0.1305006E-01

0.75039311
1. 26448990

0.69710085
1.21119776

0.64320508
1.15855476

STREAM FN.

0.8000000
1.4000000
0.6000000
0.8000000
1.4000000
0.6000000
0.8000000
1.4000000
0.6000000

0.80210201 0.85427140

1.31301716 1.360946177

0.74880978 0.80097911

1.25972487 1.30765460

0.69509356 0. 74746353

1.20698299 1.25474706
THETA

0.2050116E-01
0.6953478E-01
0.4158T784E-02
0424724 T0E-0L
0.7418718E-01
0.8615924E-02
0.2892955E~-01
0.7886315€E-01
0.1305006E-01

0.90668324
1.40845889

0.85339101
1.35516658

0.B80007856
1.30203211

STREAM FN.

1.0000000
0.6400063

1.0000000
0.6400063

1.0000000
0.6400063

0.959L1737
1.45579982

0.90582513
1.40250759

0.85270490
1.34910329

THETA

0.3630188E-01
0.7512779E-02

0.4054115€-01
0.1190771E~01

0.4477611E-01
0.1627820E~01

1.01136483
1.50326271

0.95807273
1.44997048

0.90512421
1.39629060
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TABLE III. - Continued. SAMPLE QUTPUT

STREAMLINE PLOTS

-0.060 =0.040 -0.020 0. 0.020 0.040 0.060 0.080 0.100 0.120 0a140

~0.0200]l-=mr——mm - S —

1

L

1

L

1

1

L

1 * ¥ * * * *

1
-0.01001 * * * . e @

1 % * * * *

1 * ** * * *

L

| & * ' * * *

1 * % * * *

1 * *% * * *

1 * * TS * *

1

1 * * s . *
0. 1 * * L3 * % * *

1 * * & (Y3 * *

1

1 * * * *% * *

1 * * * L * *

1 * * * . * *

1 * * * * & *

1

1 * * * * x *

L * * * * % *
0.01001 * * * * % *

1

1 * * * * % * *

L * * * *% * *

L * * * * % w *

1 * * * £ 2 * *

1

L * * * ® % * -

1 ® * * . * * *

1 * * - £ * *
0.02001

1 L] * * 4 *

L * * * * *

1 * * * * * *

1 * * * * * »



qe

l2w

1
1 * * * * * * *
1 * * * * * * *
1 * * L] * & * % *
1

0.03001 E I * * ® * %
1 * * * * * * ¥
1 * * * * * * ®
1 * * * * - * *
1
1 * * * * * * %
1 * * * * * %
1 * * * * * * *
1 * * * * * * %
1

0.04001 * * * * * * %
1 * * * * * * %
i * * * * * * &
1 * * . * * -
1
1 * . * * * % %
1 * * * * * * %
1 * * * * (1]
1 * * * * * %
1

0.05001% * * * * * %
1 * * * ]
1 * L3 * %
1 * * * ** .
1
1 * ] * = *
1 * * * *
1 . * % *
1 * * *% * *
1 * * =% * *

0.06001
1 * *% * *
1
1
1
1
1
1
1
1

0.07001

=0.060 -0.040 -0.020 0. 0.020 0.040 0060 0.080 0.100 0.120 0.140

STREAMLINES ARE PLOTTED WITH THETA ACROSS THE PAGE AND M DOWN THE PAGE
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M= 1 VELOCITY ANGLE{DEG)
157.34

164.52

164.53

158.18

48.89
46.81
4T.18
49.15

iv= 2 VFLOCITY ANGLE(JEG)
158.45

165.29

163.70
157.20

ITERATION NO.

il

Q
0.1285E-02
0.2569€-02
0.3854E-02
0-5139E-D2

L

# W R E AR RE R

49.16
47.00
46436
48.91

MAXIMUM RELATIVE CHANGE

VELDCITY

297.83
255.80
248.70
245,70

VELOCI
L158.48
165.38
163,52
157.11

VELOCT
159.84
165.79
L62.44
156443

TABLE M. - Concluded. SAMPLE OUTPUT

VELOCITIES AT INTERIOR MESH POINTS

Ty ANGLE(DEG)
48.46
46.66
47.53
49.42

TY ANGLE(DEG)
48.80
46.76
47.27
49.25

VELOCITY
160.10
165.80
162.25
156.39

VELOCITY
161.54
L65.84
161.05
156.11

1IN DENSITY = 0.5774

ANGLEIDEG)
4T7.94
4beb2
4T.93
49.56

ANGLE [DEG)
48.29
46463
4T.64
49.49

SURFACE VELOCITIES BASED ON MERIDIONAL COMPONENTS

BLADE SURFACE 1

ANGLE(DEG
90.00
Hh6H.40
43.02
40.15
3l.11

} SURF. LENGTH
0
0.2152E-02
0. 3958E-02
0.56T6E-02
N.7321E-02

SURFACE VELOCITIES BASED ON TANGENTIAL COMPOMNENTS

M
0
0.9225E-03
0.2233E-02
0.37T13€-02

BLADE SUR
VELDCITY AN
261.28
310.64
265.58
251.53

FACE 1
GLE(DEG)
50.00
47,53
43.80
40,47

W/WCR
0.8411
1.N000
0.A549
0.8097

W/WCR
0

0.9588
0.8234%
0-8006
0.7909

VELODC
0

62.663
85.707
96.491
100.27

* B o R BB R

VELOCLTY ANGLE {DEG) VELOCLTY
161.75 4747 163,28
165.79 46.T1 165.37
160.87 48.36 159.47
156.10 49,53 156.45
VELOCITY ANGLE(DEG) VELOCITY
163.08 47.80 164.37
165.48 46463 L64. T4
159.63 48.06 158,31
156.31 49.58 157.15
BLADE SURFACE 2
ITY ANGLE{DEG) SURF. LENGTH
-50.00 0
24.98 0.1417E-02
24.82 0.2833E-02
24466 0.4248E-02
24.48 0.5660E-02

ANGLE | DEG}
4T.09
46.90
4B8.78
49,29

ANGLE (DEG)
47,35
46.75
4B.49
49.46

W/WCR

o

0.2017
0.2759
0.31086
0.3228

* W R R ERE RN



BLADE SURFACE VELOCITIES
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] . . ] v .
o L= =] o (=] o
AT
w
—

300. 350. 400. 450. 500.

250.
BASED ON WERLDIONAL COMPONENT

l, BASED ON MERLDIONAL COMPONENT

0 - BLADE SURFACE 2, BASED ON TANGENTIAL COUMPONENT
BASED ON MERIDIONAL COMPONENT

BASED ON TANGENTIAL COMPONENT

BASED ON MERIDIONAL COMPONENT

BASED ON TANGENTIAL COMPONENT

200.
* - BLADE SURFACE 1, BASED ON TANGENTLAL COMPONENT

150.
MERIDIONAL STREAMLINE DISTANCE(M} DOWN THE PAGE

+ — BLADE SURFACE

X = BLADE SURFACE 2,

$ - BLADE SURFACE 3,

= — BLADE SURFACE 3,
= BLADE SURFACE &,.

{ - BLADE SURFACE 4,

100.
ITY(W) V5.

-~

50.
VELD

2.9211 MIN.

TIME =

16




ERROR CONDITIONS

The error conditions are as follows:
(1) SPLINT USED FOR EXTRAPOLATION
EXTRAPOLATED VALUE = X.XXX
SPLINT is normally used for interpolation, but may be used for extrapolation in some
cases. When this occurs, the above message is printed, as well as the input and output
of SPLINT. Calculations proceed normally after this printout.

(2) BLCD CALL NO. XX

M-COORDINATE IS NOT WITHIN BLADE
This message is printed by subroutine BLCD if the M-coordinate given this subroutine as
input is not within the bounds of the blade surface for which BL.CD is called. The value
of m and the blade-surface number are also printed when this happens. This condition
may be caused by an error in the integer input items for the program.

The location of the error in the main program is given by means of BLCD CALL NO.
XX, which corresponds to locations noted by comment cards at each MHORIZ, ROOT,
and BLCD call in the program.

(3) ROOT CALL NO. XX

ROOT HAS FAILED TO CONVERGE IN 1000 ITERATIONS
This message is printed by subroutine ROOT if a root cannot be located. The input to
ROOT is also printed. The user should thoroughly check the input to the main program.

The location of the error in the main program is given by means of ROOT CALL NO.
XX, which corresponds to locations noted by comment cards at each MHORIZ and ROOT
call in the program.

(4) DENSTY CALL NO. XX

NER(1) = XX

RHO*W IS X.XXXX TIMES THE MAXIMUM VALUE FOR RHO*W
This message is printed if the value of pW at some mesh point is so large that there is
no solution for the values of p and W. This indicates a locally supersonic condition,
which can be eliminated by decreasing WTFL in the input.

If RHO*W is too large, TANDEM still attempts to calculate a solution. This often
permits an approximate solution to be obtained which is valid at all the subsonic points in
the region. In other cases, the value of W is reduced at some of the points in question
during later iterations, resulting in a valid final solution for these points. The program
counts the number of times supersonic flow has been located at any point during a given
run (NER(1)). When NER(1) = 50, the program is stopped.

The location of the error in the main program is given by means of DENSTY CALL
NO. XX, which corresponds to locations noted by comment cards at each DENSTY call
in the program.
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(5) MM, NBBI, NRSP, OR SOME SPLNO IS TOO LARGE
If this is printed, reduce the appropriate inputs to their allotted maximum values.

(6) WTFL IS TOO LARGE AT BLADE LEADING EDGE
This is printed if WTFL is greater than the choking mass flow for the boundary BM. K
this message is printed, WTFL is cut in half by the program and calculations proceed as
usual for one outer iteration.

(7) ONE OF THE MH ARRAYS IS TOO LARGE
This is printed if there are more than 100 intersections of horizontal mesh lines with any
blade surface. In this case NBBI should be reduced.

(8) THE NUMBER OF INTERIOR MESH POINTS EXCEEDS 2000
This is printed if there are more than the allowable number of finite-difference grid
points. Either MM or NBBI must be reduced.

(9) SEARCH CANNOT FIND M IN THE MH ARRAY
If this is printed, the value of m and the blade-surface number are also printed. The
user should thoroughly check the input to the main program.

PROGRAM PROCEDURE

The program is segmented into seven main parts, the subroutines INPUT, PRECAL,
COEF, SOR, SLAX, TANG, and VELOCY called by the main program TANDEM. In ad-
dition, there are several other subroutines. All the subroutines and their relation are
shown in figure 15. All information which must be transmitted between the seven main
subroutines is placed in COMMON.

Most of the subroutines in TANDEM use the same set of variables. These variables
are all defined in the section Main Dictionary (p. 50). All subroutines using these vari-
ables are described prior to the main dictionary. The remaining subroutines are de-
scribed after the main dictionary, and variables are defined with each subroutine.

The program can handle as many as 2000 mesh points on the IBM 2-7094-7044 direct-
coupled system with a 32 768-word core. For 2000 mesh points to be handled an over-
lay arrangement is used, as shown in figure 16. All subroutines not shown are in the
main link. The total program storage requirement is 74513(8) of which 46770(8) is in
COMMON blocks which are stored in the main link. The system storage requirement for
our computer is 2'764(8) and unused storage is 300(8 . If there is a storage problem on
the user's computer, the maximum number of mesh points should be reduced. The fol-
lowing program changes are required to change the maximum number of mesh points:

(1) Change the dimension of A, U, K, and RHO in the COMMON/AUKRHO/statement.
This statement occurs in most subroutines.

(2) In subroutine INPUT, change the number of values of U, K, and RHO to be ini-
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e e i TANDEM

[TIMET] [INPUT] PRECAL| [_‘cosﬂ SOR) SLAX
| Jj
COEFP SLAV
MHORIZ OEFBB SLAVP
SLAVESB]
HRB] AAK
SPLINE
BORY1Z] [BDRY34
PISTUG
[KHAR
of PE f——{
¢ ] LINT
= DENSTY j=— A

Figure 15, - Calling relation of subroutines,

Main link
673365)

| | TANG
MR . SEARCH
MHORIZ SOR " o
Al 3629 | CcofF, COEFBB 1255y o~
2146, HRB, AAK, PLOTMY,
BDRY12, PISTUG,
BDRY34 o KHAR
2104g) veLocy | kg
SLAV
31258, ;'%‘(3}

Figure 16, - Arrangement for overlay, showing octal storage requirements,
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tialized (the bound on the DO loop near statement 60).

(3) In subroutine PRECAL, change statement 340 and format statement 1150 to re-
flect the maximum allowable number of mesh points. Statement 340 will cause the pro-
gram to stop if there are too many mesh points.

(4) Change the dimensions of W, RWM, and BETA in SLAX, SLAV, TANG, VELOCY,
and VEL.

(5) H the number of mesh points is reduced to below 1600, the equivalence statements
in SLAX, SLAV, TANG, VELOCY, and VEL must be changed.

The first segment of the program is INPUT. This subroutine reads all input data
cards, calculates constants, and initializes arrays. The next subroutine is PRECAL,
which calculates all quantities which remain constant for a single problem. INPUT and
PRECAL are each called once for a given problem. The remaining subroutines are
called once for each outer iteration. The subroutine COEF calculates the entries of the
matrix A and the vector k of equation (A7). These coefficients must be recalculated
for each outer iteration. On the first outer iteration subroutine SOR estimates an opti-
mum overrelaxation parameter £ on the first call if it is not given as input. The same
value of 2 is used for each outer iteration. SOR then finds the linear solution to equa-
tion (A7) with fixed coefficients by successive overrelaxation. Then subroutine SLAX
calculates the streamline locations and me and plots the streamline locations if de-
sired. Subroutine TANG calculates pWe and then pW and B throughout the region.
Finally, the subroutine VELOCY calculates the density p and velocity W throughout
the region and on the blade surfaces and plots the surface velocities.

Conventions Used in Program

For convenience, a number of conventions are used in naming variables and assigning
subscripts. First, several pairs of variables are spelled the same except for one letter,
which is U in one case and L in the other. The U signifies an upper surface BC, DF, EF,
or JK, and L signifies a lower surface ML or JI. Another practice is to use the letters
Iand O in a similar manner, where I refers to the inlet or region ABMN, and O refers
to the outlet or region FGHI. Similarly, the letter T refers to 6, and M refers to m.
Finally, V is used to refer to vertical mesh lines, and H refers to horizontal mesh lines.
For example, DTDMH is an array of the values of df/dm at the intersections of hori-
zontal mesh lines with the blade.

The variable IP is used to number all the mesh points. It starts with IP =1 at A
and is incremented up the vertical mesh lines one by one to the right, ending with
IP = NIP at the last mesh point near H. The mesh spacing in the m-direction is labeled
HM1, HM2, or HM3, and the spacing in the 6-direction is HT. The subscript IM de-
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notes the number of a vertical line, from IM =1 at ANto IM = MM at GH. IT denotes
the number of a horizontal mesh line. IT is zero along AB, increases to ITMAX at the
highest mesh line in the region and decreases to ITMIN for the lowest mesh line in the

region.

Labeled COMMON Blocks

For convenience, most variables which are used in more than one subroutine are
placed in labeled COMMON blocks. A brief description of each labeled block is given.
The same variable names are used in different subroutines for every variable in a
COMMON block. The only exception is when EQUIVALENCE is used for variables in
/AUKRHO/. The labeled COMMON blocks are as follows:

/INP/ is used for input variables, with the exception of those in /GEOMIN/.

/GEOMIN/ is used for certain geometry input variables which are needed only in
BLCD.

/CALCON/ is used for calculated constants which are initially calculated in INPUT
or PRECAL and do not change after this.

/AUKRHO/ is used for the arrays A, U, K, and RHO (see section Main Dictionary)
or the variables which are made equivalent to some of these.

/BLCDCM/ is used for internal variables for BLCD. /BLCDCM/ is needed only to
save certain values when overlay is used.

/HRBAAK/ is used for variables calculated by HRB to be used in AAK.

/RHOS/ is used to store values of p on blade surfaces.

/SLA/ is used for streamline 6-coordinates.

/BOX/ is used for internal variables for the spline subroutines in order to reduce

storage requirements.

Subroutine INPUT

Reading and printing of input. - The program first reads all input cards for a partic-
ular problem. A description of the input required is given in the section Instructions for
Preparing Input. All the input data are printed as the first output.

Calculation of constants and initialization. - After all input is read, many of the sim-
pler constants used throughout the program are calculated. Finally, all density arrays
are initialized to p!m(RHO]:P).
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Subroutine PRECAL

Calculation of constants. - The prerotation A and the average relative velocity Wle
at the blade leading edge are calculated first by an iterative process (egs. (B7) to (B9)).
During this calculation the input weight flow (WTFL) is checked to see if it is larger than
the upstream choked flow value. If so, it is cut in half and the computation of A and
Wi is repeated. Maximum values of the mass flow parameter pW (egs. (B10) to (B12))
and the critical velocity W cr 2re then calculated at the leading and trailing edges of the
blade row. The flow angles 'Bi.n and B out 2T€ also computed at the upstream and down-
stream boundaries (appendix B) from the values, ‘Ble and Bt o» 8lven at the leading and
trailing edges.

Calculation of vertical mesh line arrays. - BLCD is called for the four blade sur-
faces obtaining 6-coordinates (TV) and slopes (DTDMV) where the vertical grid lines
meet the blades. By using the TV array, the integer arrays (ITV and IV) are calculated.
Finally, by using DTDMYV, the blade-surface angles (BETAV) are calculated.

Calculation of horizontal mesh line arrays. - MHORIZ is called once for each of the
four blade surfaces to obtain the m-coordinates (MH) and slopes (DTDMH) where horizon-
tal grid lines meet the blade surfaces. Then by using cubic spline interpolation (SPLINT)
and the MH array, RMH and BEH are calculated. Finally, the blade-surface angles
BETAH are calculated by using DTDMH.

Subroutine COEF

Subroutine COEF controls the calculation of the finite-difference coefficients of u
in equations (A2) to (A6) (elements of the matrix A in eq. (AT)). At the same time, it
computes the constants of the finite-difference equations (components of k in eq. (AT)).

Calculating coefficients and constants throughout region. - COEF progresses from
left to right through the blades. COEFP and COEFBB are called along each vertical
mesh line for the calculation of the coefficients and constants. COEFP is called in the
periodic regions upstream and downstream of the blades, and between front and rear
blades for the nonoverlapping case. COEFBB is called in the regions between upper and
lower blade surfaces.

Corrections to coefficients and constants. - At certain points in the solution region,
corrections must be made to the coefficients and constants calculated by COEFP and
COEFBB. This is done at the end of COEF if points B, J, C, E, or F (see fig. 4) on the
blade surfaces coincide with mesh points in the solution region. Corrections are also
made along line KL and the line to the right of CD. The periodic boundary condition equa-
tions are applied herein (see eqs. (A5) and (A6) and the explanation following them).
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Subroutine COEFBB

Subroutine COEFBB computes the coefficients a; and constants ki along a vertical
mesh line from blade to blade. It has a second entry point (COEFP) with completely sep-
arate code, which computes coefficients and constants in periodic regions. Both COEFP
and COEFBB proceed up a vertical mesh line, one point at a time.

In both the periodic and the blade-to-blade cases, HRB is called initially to compute
the values of h, r, and b required in equation (A2). These values are then altered for
special cases. In COEFBB they are altered along lines CD and KL, and in COEFP along
periodic boundaries. COEFBB also calls BDRY12 and BDRY34 to obtain special values
of h, r, and b when mesh points are within one mesh space of a blade boundary. Fi-
nally, both COEFP and COEFBB call AAK to compute A and k from equations (A2).

Subroutine HRB

Subroutine HRB calculates values of h, r, and b for use in equations (A2). Each
time it is called, it computes these values for a single mesh point.

Subroutine AAK

Subroutine AAK is called by COEFBB and computes the coefficients aij and the con-
stants k; of equation (A2) at a single point.

Subroutine BDRY12

Subroutine BDRY12 is called by COEFBB. It alters the values of h and r calcula-
ted by HRB for point 1 or 2 (see fig. 17) if either of these points lies on a blade surface.
It also defines the constants KAK and KA used to alter A and k in COEFBB or COEF.

Subroutine BDRY34

Subroutine BDRY34 is called by COEFBB. It alters the valuesof h, r, and b cal-
culated by HRB for point 3 or 4 (see fig. 17) if either of these points lies on a blade sur-
face. It also defines the constants KAK and KA used to alter A and k in COEFBB or

COEF.
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Subroutine SOR

This subroutine solves the finite-difference matrix equation (A7) by the method of
successive overrelaxation (ref. 10). The same section of code is used both for calcula-
ting the optimum overrelaxation factor £ and to solve equation (A7). I a value of ORF
greater than 1 and less than 2 is given as input, it is used for the overrelaxation factor.
Otherwise a value is estimated by the program.

In equation (A8), the subscript i denotes the index of an unknown mesh point. In the
program, i is replaced by IP. The subscript j in equation (A8) denotes the index of
neighboring unknown mesh points. For each i, there are only four values of j for which
a.. is nonzero, which are the negative values of the coefficients A(IP,1), A(IP,2),

ARIP, 3), and A(IP,4). The value of j is determined by the index of the proper neighbor-
ing point. These indexes are named IP1, P2, 1P3, and IP4. These indexes are defined
so that u%l has the coefficient A(IP, 1); the other indexes are defined similarly.

Estimation of optimum overrelaxation factor. - f ORF = 0 as input, the optimum
value for the overrelaxation factor §2 is estimated on the first outer iteration by using
equations (B3) and (B1) of reference 11. Equation (A8) is used to calculate Em+1 from
Em for equation (B3) of reference 11, with £ =1, and k= 0. Equation (A8) becomes

i-1 n
m+l _ m4+l _ m
Uy = Z aijuj Z a'ijuj (6)
=1 j=i+1
To start, u(i) =1 for all i. The maximum value of the ratio u;n+1/uin is calculated for

a given m and is given the name LMAX. After convergence, the optimum value of the
overrelaxation factor £ can be calculated by & = 2 / (1+ m) This procedure
is explained in appendix B of reference 11.

Solution of matrix equation by subroutine SOR. - With a value of @ either as input
or estimated by the program, equation (A8) can be used iteratively to calculate a se-
quence Em that will converge to a solution to equation (A7). During each iteration,
the maximum change of the stream function is calculated. When this maximum change is
reduced below 10'6, the iteration is stopped, and the current estimate of the stream
function is accepted as the solution.

Subroutine SLAX

Subroutine SL.AX, by calling subroutines SLAVP and SLAVBB (entry points of SLAV),
computes the meridional mass flow component me at all points on vertical mesh lines.
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Subroutine SLAX also calculates and plots streamline locations.

Calculating me throughout region. - Subroutine SLAX progresses from left to
right through the blades, calling SLAVP and SLAVBB along each vertical mesh line.
SLAVP is called in the periodic regions upstream and downstream of the blade and be-
tween blades for the nonoverlapping case. SLAVBB is called in the blade-to-blade

regions.

Plotting streamlines. - When subroutine SLAX reaches the right end of the region,
all information is available from SLAVP and SLAVBB for the streamline plot. The plot-
ting printout is done by PLOTMY, which, with the necessary further subroutines PISTUG

and KHAR, is described completely in reference 12.

Subroutine SLAV

Subroutine SLAV has two entry points, SLAVP and SLAVBB. SLAVP is called in
'periodic regions, SLAVBB from blade to blade. Both entry points make use of a common
section of code at the end of SLAYV.

Calculation of ou/39 and streamline locations. - SLAVP and SLAVBB compute
du/96 along each vertical mesh line. The derivative 2u/gf is estimated at each mesh
point from a cubic spline curve (SPLINE) of the stream function u.

SLAVP and SLAVBB also calculate values of # corresponding to given values of the
stream function. These values are printed out and are also used for the streamline plot.
The stream function is a one-to-one function of distance in the @-direction along most
vertical mesh lines. Therefore, cubic spline interpolation (SPLINT) can be used to ob-
tain # as a function of u.

Calculation of pW wE = SLAVP and SLAVBB use the derivatives ou/08 to calculate
pW_at each mesh point. The equation 9u/86 = brme/w (eq. (3)) is used. Values of
pW , are stored in RWM for interior mesh points, and in WMB where the blade surfaces

are intersected by vertical mesh lines.
Calculation of mass flow parameter pW on blade surfaces. - Where each vertical

mesh line meets a blade surface, pW is calculated from pW by the equation

W 2
pW:P m:p‘wm 1+(r.°.l?_)
cos B8 dm
Subroutine TANG

Subroutine TANG calculates the tangential mass flow component .OW|9 at all points
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on horizontal mesh lines. This process is complicated by the fact that the horizontal
mesh lines are shifted in crossing the boundary KL.

Location of points on horizontal mesh lines. - Subroutine TANG begins at the bottom
line of the region and proceeds upward to the top of the region, moving from left to right
along each horizontal mesh line. On a given mesh line, the first point in the region is
located by comparing IT for that mesh line with ITV for each of the four blade surfaces of
successive points along the line. After an initial point in the region is located, TANG
moves to the right along the line until it encounters the downstream boundary GH or a
blade surface. Once again, TANG locates a blade boundary by comparing IT with ITV of
the blade surfaces. ROOT is called to calculate mesh spacing at the end points when they
are located on one of the blades. TANG stores the meridional distance and stream-
function value of each point located along a line into the arrays SPM and USP.

Calculation of pW 0° = When a horizontal mesh line exits from the solution region,
subroutine SPLINE is called with SPM and USP to calculate 3u/om at each point along
the line. The product pW, is then calculated from du/9m by using dJu/om= -bpW 4 /W
(eq. (2)).

Calculation of mass flow parameter pW and flow angles at interior points. - At each
interior point, pW is calculated by

pW = ‘/ (WP + (W,)?

and the angle B is calculated by

These values are stored in W and BETA for all interior points.
Calculation of mass flow parameter pW on blade surfaces. - Where each horizontal
mesh line meets a blade surface, pW is calculated from pWS by the equation

1
in 2
sin ri-df-
dm
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Subroutine SEARCH

Subroutine SEARCH is used by TANG in the calculation of the mass flow parameter
PW on blade surfaces. The distance (DIST) corresponds to some element in the MH ar-
ray for a particular surface. SEARCH locates that element and returns its subscript to
TANG. TANG then uses a corresponding element in the BEH array in calculating pW.

Subroutine VELOCY

Subroutine VELOCY calculates densities p and velocities W from the mass flow
parameter pW at all points throughout the solution region and on the blade surfaces. It
also plots the surface velocities.

Solving for densities and velocities throughout region. - VELOCY progresses from
left to right through the blades, calling VELP and VELBB for each vertical mesh line.
VELP is called in the periodic regions, and VELBB is called from blade to blade. When
the right boundary of the solution region is reached, VELSUR is called once to compute
the blade-surface velocities.

Plotting of velocities. - After VELOCY calls VELSUR, all information is available
for the plot of surface velocities. The velocities are plotted by using different symbols
for front and rear blades, upper and lower surfaces, and velocities based on both merid-
ional and tangential components. Velocities based on meridional components are plotted
if |g| =60° and velocities based on tangential components are plotted if |g| = 30°.
Plotting is done by PLOTMY, which is described in reference 12.

Subroutine VEL

Subroutine VEL has three independent entry points, VELP, VELBB, and VELSUR.
VELP and VELBB compute velocities in the periodic and blade-to-blade regions, and
VELSUR computes velocities on the blade surfaces. None of these entry points share
common code in VEL.

The maximum relative change in density p along a blade surface is calculated in
VELBB and VELSUR and is called RELER. If RELER is less than 0.001, the outer iter-
ation is considered to be converged, and the calculations are stopped on the following
iteration.

Calculation of p and W. - Both VELP and VELBB proceed from left to right through
a region, and upward at each vertical mesh line from boundary to boundary. VELSUR
proceeds along the four blade surfaces one at a time. VELP, VELBB, and VELSUR cal-
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culate density and velocity from pW by calling the DENSTY subroutine at each mesh
point and boundary point. Along the blade surfaces, VELBB and VELSUR also calculate
the ratio W/W ...

Printing of velocities. - VELP and VELBB print interior velocities and flow angles
as they are calculated. Surface velocities, blade-surface angles, arc lengths, and ratios
of velocity to critical velocity are printed at the end of VELSUR.

Subroutine BLCD

Subroutine BLCD calculates the @-coordinate and d6/dm of a blade surface for any
given value of m. There are four entry points to BLCD corresponding to the four blade
surfaces.

The first time that BLCD is called for a particular blade surface, the coordinates of
the first and last spline points are calculated. These points are tangent to the leading-
and trailing-edge radii, respectively. The parameters defining the spline curve are also
calculated at this time.

Each blade surface is defined by the leading- and trailing-edge radii and by a cubic
spline curve, which is a piecewise cubic polynomial. The procedure is to scan the spline
points to determine which interval the m-coordinate is in and then to calculate the 6-
coordinate and derivative.

The arguments for the entry points of BLCD are defined so as to be called by ROOT
to determine the m-coordinate of an intersection of a horizontal mesh line with the blade.
Most of the information needed by BLCD is in labeled COMMON blocks. These variables
are found in the main dictionary.

The input argument is

M meridional streamline coordinate, m
The output arguments are as follow:

THETA 6-coordinate of blade surface at m
DTDM df/dm of blade surface at m

INF used when df/dm is infinite; INF is normally 0, but set equal to 1 if d§/dm
is infinite
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Function IPF

A mesh point in the solution region can be numbered in one of two ways. The first is
by coordinates of mesh line intersection, IM and IT. IM is the number of the vertical
mesh line, beginning with 1 at the upstream boundary AN. IT is the number of the hori-
zontal mesh line, beginning with 0 at the leading edge of the upper surface of the front
blade. The second numbering system is by point count, using IP. IP increases up each
succeeding vertical mesh line from left to right through the solution region. IPF returns
the value of IP corresponding to given coordinates, IM and IT.

Main Dictionary

The Main Dictionary applies to all the previously discussed subroutines.

A array of coefficients of u (i.e., elements of a.1j of matrix A in
eq. (A7)

Al2,6 A34 19, 434 in eq. (A2)

AA temporary variable in PRECAL and BLCD

AAA array used for temporary storage

AANDK see Input

AATEMP temporary location for AANDK in SOR

ADD logical variable in TANG, indicating need to add 1 to stream func-

tion at a mesh point prior to spline fit of stream function along
a horizontal mesh line

ADDL logical variable in TANG, indicating entrance into region where
ADD applies

ANS result of calls on ROOT in TANG and DENSTY in VEL

AR see Input

AZ ay in eq. (A2)

B array containing stream-channel thickness b at the four points

adjacent to a point for which AAK is called

B12,B34 by, bgy ineq. (A2)
BB temporary variable in PRECAL and BLCD
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BE
BEH

BESP
BETA
BETAH (BETAV)

BETAI (BETAO)

BETI (BETO)

BLDAT

BTAIN

BTAOUT

BV

BZ

CDMBIT (CDMBOT)

CHANGE

CHORD

CMM
cp
CPTIP
DBDM

DELTV
DIST

array of values of b at vertical mesh lines

array of values of b where horizontal mesh lines meet the four
blade surfaces

see Input
array of values of 2 at interior mesh points

array of values of 8 where horizontal (vertical) mesh lines meet
the four blade surfaces

see Input

array of angles at tangent points of leading- (trailing-) edge radii
with the four blade surfaces (see input BETI1, 2, 3,4 and
BETO1,2, 3, 4)

see Input

free-stream angle ‘Bin at upstream boundary AN based upon ‘Ble’
calculated by eq. (B14)

free-stream angle Bout at downstream boundary GH based upon
Bte’ calculated by eq. (B14)

array of stream-function boundary values on the four blade sur-
faces

stream-channel thickness b0 at a point for which AAK is called
temporary grid locations along meridional axis in INPUT

change in value of stream function at a particular point during an
iteration of SOR

array containing the meridional chord distances of each of the
four blade surfaces (see input CHORDF and CHORDR)

temporary variable in BLCD

specific heat at constant pressure, cp

T
Zcme

array of slopes at vertical mesh lines of spline curve for stream-
channel thickness

increment in 6 -coordinate in VEL

meridional distance in SEARCH from a blade leading edge to
where a horizontal mesh line meets a blade surface
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DMLR

DTDM

DTDMH (DTDMYV)

DTLR
DUDM

DUDT

EM

EMK, EMKM1
ERROR

ERSOR
EXPON
FIRST
GAM

H

HM1

HM2

HM3

HT

11, I2
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tolerance for mesh points near a boundary in m-direction (If a
mesh point is closer than DMLR to a boundary, the point is
considered to be on the boundary.)

do/dm along a blade surface in BLCD

array of df/dm where horizontal (vertical) mesh lines meet the
four blade surfaces

tolerance in @-direction (see DMLR)

array of derivatives of stream function du/dm along horizontal
mesh lines in meridional direction

array of derivatives of stream function du/df along vertical mesh
lines in 6-direction

array of second derivatives of spline curves for each blade sur-
face, calculated by SPLN22 in BL.CD

temporary variables for EM in BLCD

maximum absolute value of change in u at any point for an over-
relaxation (SOR) iteration

see Input
/(v - 1)
initial value of some index
see Input

array containing mesh spacing h between the point for which
AAK is called and the four points adjacent to it

mesh spacing in m-direction from upstream boundary through
front blade

mesh spacing in m-direction for overlapping portion of front and
rear blades, or between blades for the nonoverlapping case

mesh spacing in m-direction through rear blade to downstream
boundary

mesh spacing in 6 -direction from blade to blade

temporary integer variable in PRECAL, SLAX, SLAV, and
SEARCH

temporary integers in SLAV



IEND

IMSL
IMSS
MTM1
INF

INIT

INTU

INTVL

P
IP1,1P2,1P3,1P4

IPCD, IPKL
IPL (IPU)

IPLM1 (IPUP1)

IS

integer variable set equal to 1 when final convergence to a solution
is reached in the outer iterations on a given set of data

array containing current number of intersections of horizontal
mesh lines with each of the four blade surfaces as intersections
are located

integer variable in BDRY34 and TANG for counting intersections
of horizontal mesh lines with blade surfaces

index of mesh line in meridional direction (m-direction)

integer variable in TANG indicating the vertical mesh line index
of the first (final) point in the region of a horizontal mesh line

IM1 + 1

array containing total number of intersections of horizontal mesh
lines with each of the four blade surfaces

temporary variable in PRECAL
temporary variable in PRECAL, VELOCY, and VEL
IMT -1

variable in PRECAL indicating when an infinite slope is located at
a blade leading- or trailing-edge in a call on BLCD

array used to indicate whether BLCD has been called previously
on a given blade surface

temporary integer streamline value in SLAV
see Input
index of Resh point

value of IP at the four adjacent points to the mesh point under
consideration

temporary IP along lines CD and KL in COEF

value of IP where a vertical mesh line meets a lower (upper) sur-
face or boundary

value of IP on a vertical mesh line adjacent to a lower (upper)
surface in VEL

integer variable in SEARCH for indicating where a horizontal mesh
line intersects a blade surface
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IT
IT3, IT4

ITER
ITI
ITMAX (ITMIN)
ITO
ITV

ITV1,ITV2
ITVIM1
ITVL (ITVU)

ITVLP1
ITVM1 (ITVP1)

ITVUM1
v
IVMM

~

LAMBDA
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index of mesh line in @-direction

value of IT for the adjacent points (3 and 4) to mesh point under
consideration

outer iteration counter

horizontal mesh line index in TANG one period below IT, IT-NBBI
maximum (minimum) value of IT in mesh region

value of IT at origin of coordinates at leading edge of front blade

array of horizontal mesh line indexes (IT) corresponding to inter-
sections of vertical mesh lines with blade surfaces (ITV(IM,
SURF) is the IT value for the mesh point in the region on verti-
cal mesh line IM which is closest to blade surface (SURF).)

temporary storage of ITV in TANG

temporary ITV in TANG

ITV of the lower (upper) blade surface on a given vertical mesh
line

ITVL + 1

ITV of a blade surface in COEFBB for the vertical mesh line to
left (right) of line under consideration

ITVU - 1

array containing value of IP at the base of each vertical mesh line
temporary storage of IV in COEF

temporary integer variable in INBUT, SLAX, and SLAV

array of constants; vector k in eq. (A7)

integer array indicating which of the four points surrounding a
mesh point lie on a boundary

real array giving the stream-function values of boundary points
surrounding a mesh point

integer counter in BLCD

array containing information used in plotting subroutine PLOTMY
temporary integer variable in SLAV
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LAST final value of some index

LER array indicating location of error messages printed by program

LMAX maximum value of u;n"'l/u;n for eq. (B2) of ref. 11

LOC integer variable in SLAV specifying which entry point (SLAVP or
SLAVBB) was used

LOWER integer variable representing one of the lower blade surfaces,
2o0r 4

M meridional coordinate, m

MBI see Input

MBI2 see Input

MBI2M1 MBI2 - 1

MBI2P1 MBI2 + 1

MBIM1 MBI - 1

MBIP1 MBI+ 1

MBIT, MBOT temporary grid locations along meridional axis

MBO see Input

MBO2 see Input

MBO2M1 MBO2 - 1

MBO2P1 MBO2 + 1

MBOM1 MBO -1

MBOP1 MBO + 1

MH array of m-coordinates of intersections of horizontal mesh lines

with the four blade surfaces

MLE array of m-coordinates of leading edges of the four blade surfaces
(see input MLER)

MM see Input

MMLE temporary meridional distance in BLCD
MMM1 MM -1

MMMSP temporary meridional distance in BLCD
MR see Input
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MRTS

MSL
MSP

NI
NIP
NP1, NP2

NRSP
NSP
NSPI

NSPM1
OMEGA
ORF
ORFOPT

ORFTEM
P

PITCH
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integer switch in PRECAL indicating when infinite derivatives
would be encountered in a call on MHORIZ

temporary storage for MV array during plotting in SLAX

array of m-coordinates of spline points for each blade surface
measured from its leading edge (see input MSP1, 2, 3, 4)

temporary meridional distance in BLCD
array of m-coordinates of vertical mesh lines
temporary value of MV in TANG

see Input

number of blades

array indicating number of times certain error messages are
printed by program

number of streamlines blade to blade in SLAV
number of interior mesh points

integer counters in VELOCY indicating number of plotted blade-
surface velocities

see Input
number of spline points

array containing number of spline points on each of the four blade
surfaces (see input SPLNO1, 2, 3, 4)

NSP - 1
see Input
see Input

upper bound for estimate of optimum $§ from eqs. (B1) and (B2)
of ref. 11

temporary storage for ORFOPT

array containing information used in the plotting subroutine
PLOTMY

27/NBL, 6-coordinate from blade to blade

array of densities p at the four points adjacent to a point for
which AAK is called



RATIO
RELER

RHO
RHO1
RHOB
RHOHB

RHOIP
RHOMBI
RHOMB2
RHOMM
RHOT
RHOVB

RHOVI

RHOVO

RHOWMI
RHOWMO
RI (RO)

RM

RMDTL2 (RMDTU2)

RMH

RMI (RMO)

RMM

value of u{™*1/u® for use in eqs. (B2) and (B3) of ref. 11

maximum relative change in density at surface mesh points, be-
tween two outer iterations

array of densities p at interior mesh points
average density p at upstream boundary AN
temporary storage in VEL for a value of p on a blade surface

array of densities p at horizontal mesh line intersections with
the four blade surfaces

see Input

average density p at leading edge of front blade
average density p at trailing edge of rear blade
average density p at downstream boundary GH
temporary value of density p

array of densities p at vertical mesh line intersections with the
four blade surfaces

average value of pW at front-blade leading edge or upstream
boundary AN

average value of pW at rear-blade trailing edge or downstream
boundary GH

maximum value of pW at leading edge of front blade
maximum value of pW at trailing edge of rear blade

array of leading- (trailing-) edge radii on the four blade surfaces
(see input RI1, 2,3, 4 and RO1, 2, 3, 4)

array of r-coordinates of the mean stream surface radii at verti-
cal mesh lines

(r d@/dm)2 at vertical mesh line intersections on lower (upper)
blade surfaces

array of r-coordinates of the mean stream surface radii where
horizontal mesh lines meet the four blade surfaces

array of r-coordinates of mean stream surface radii at the inlet
(outlet) of the four blade surfaces

temporary meridional distance in BLCD
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RMSP
RWM

RWT

W

S1 (ST)

SIGN
SLCRD
SPLNO
SPM
SRW

STGR

STRFN
SURF, SURFBV

SURFL

SURVL
T1, T2
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see Input

array of me where vertical mesh lines intersect the four blade
surfaces

array of PWQ where horizontal mesh lines intersect the four
blade surfaces

density Po at point for which AAK is called

meridional distance between two adjacent blade-surface spline
points in BLCD

blade-surface number at beginning (end) of a horizontal mesh line
in TANG

array of values of sin @ = dr/dm at each vertical mesh line

integer constant in BLCD

see Input

number of input spline points on a blade surface

array of m-coordinates along a horizontal mesh line in TANG

integer code variable that will cause certain subroutines to write
out useful data for debugging:

If SRW = 13, SPLINE will write input and output data.

If SRW = 16, SPLINT will write input and output data.

If SRW = 18, SPLN22 will write input and output data.

If SRW = 21, ROOT will write input and successive estimates of
the root to which it is converging.

array of 6-coordinates of center of each trailing-edge rad